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Abstract 
Two different methods have been employed to determine the plasma temperature in a laser-
cluster fusion experiment on the Texas Petawatt laser.  In the first, the temperature was derived 
from time-of-flight data of deuterium ions ejected from exploding D2 or CD4 clusters.  In the 
second, the temperature was measured from the ratio of the rates of two different nuclear fusion 
reactions occurring in the plasma at the same time: D(d, 3He)n and 3He(d, p)4He.  The 
temperatures determined by these two methods agree well, which indicates that: i) The ion 
energy distribution is not significantly distorted when ions travel in the disassembling plasma; ii) 
The kinetic energy of deuterium ions, especially the “hottest part” responsible for nuclear fusion, 
is well described by a near-Maxwellian distribution.   
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Nuclear fusion from explosions of laser-heated clusters has been an active research topic 
for over a decade [1-11].  Researchers have used explosions of cryogenically cooled deuterium 
(D2) cluster targets or near-room-temperature deuterated methane (CD4) cluster targets to drive 
fusion reactions.  In these experiments, a gas of clusters is irradiated by a high intensity 
femtosecond laser pulse.  This produces energetic explosions of the clusters, and a high ion 
temperature plasma results.  DD fusion occurring within this high temperature plasma combined 
with beam-target fusion between the ejected ions of the cluster and surrounding cold gas leads to 
a burst of fusion neutrons and protons.  This phenomenon has been well explained by the 
Coulomb explosion model [1-5, 12].  In this model, the atoms are ionized and almost all 
electrons are entirely removed from the clusters after gaining enough kinetic energy from the 
laser-cluster interaction [1, 13, 14].  This process occurs in such a short time that the ions can be 
considered nearly stationary: what remains is a highly charged cluster of ions at liquid density, 
which promptly explodes by Coulomb repulsion producing the multi-keV ions required to 
initiate the fusion reactions. 
The neutron yields from a deuterium fusion plasma depend quite sensitively on the ion 
temperature and density [15].  The observation of fusion from the laser-irradiated cluster gas 
implies an effective ion temperature larger than 10 keV, at a density of ~1019 cm-3.  Creating 
these kinds of conditions in most plasma laboratory environments is very challenging.  In this 
Letter, we report on a direct measurement of the ion temperatures in deuterium and deuterated 
methane cluster plasmas produced by the irradiation of a clustering gas jet by 150 fs petawatt 
peak power laser pulses.  We find that the effective ion temperature produced can be in excess of 
25 keV. 
Researchers have often used time-of-flight (TOF) diagnostics [11, 16] to measure the 
effective ion temperature.  However, the temperature as measured by a Faraday cup contains the 
entire time history of the ions, and the effective temperature responsible for the fusion is not 
accurately measured since the ion velocity distribution could be modified by additional 
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interactions en route to detection (such as collisions in the cold surrounding gas or plasma space 
charge forces).  In the experiment reported here, we implement a technique that was used in an 
inertial confinement fusion experiment [17], and use the fusion products themselves to measure 
the ion temperature of cluster fusion plasmas during the time period over which actual fusion 
takes place, something that has never been conducted before.  For the first time in a petawatt 
laser experiment, a mixture of D2 or CD4 clusters and 3He gas is used to observe D(d, 3He)n and 
3He(d, p)4He fusion reactions simultaneously.  We measured the yield of 2.45 MeV neutrons and 
14.7 MeV protons produced by these two fusion reactions, respectively.  Since the cross sections 
for the two reactions have different dependences on the plasma temperature, the ratio of neutron 
and proton yields can uniquely determine the plasma temperature at the critical moments and 
plasma location when the fusion reactions occur. 
In our experiment, the Texas Petawatt laser (TPW) delivered 90–180 J per pulse with 
150–270 fs duration [18] to irradiate the clusters.  It utilized an f/40 focusing mirror (10 m focal 
length) to create a large interaction volume with laser intensities sufficient to drive cluster fusion 
reactions.  With this laser power and focusing geometry, an increase in the neutron yield many 
times that of previous cluster fusion experiments was observed [10].  The experimental setup is 
shown in Fig. 1.  Five EJ-232Q and EJ-200 plastic scintillation detectors measured the neutron 
yields from DD fusion reactions, all of which were calibrated prior to the experiment [19].  Three 
of these detectors were located at 1.9 m from the fusion plasma, while the other two were located 
at 5.0 m from the plasma to increase the dynamic range.  Four additional NE213 liquid 
scintillation detectors measured the angular distribution of the fusion neutron emission at four 
different angles.  
Three plastic scintillation detectors measured 14.7 MeV proton yields from the 
3He(d, p)4He fusion reactions.  These were absolutely calibrated prior to the experiment at the 
Cyclotron Institute, Texas A&M University, using a 14.7 MeV proton beam delivered by the 
K150 Cyclotron.  The proton detectors were located in vacuum 1.06–1.20 m from the plasma at 
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45º, 90º, and 135º with respect to the laser propagation direction.  A 1.10 mm thick aluminum 
degrader was inserted in front of each detector for two purposes.  First, it blocked all the other 
charged particles including 3 MeV protons from DD fusion reactions.  Second, it slowed the 
14.7 MeV protons down to 4.0 MeV so that they could transfer all of their remaining kinetic 
energy to the 254 μm thick BC-400 plastic scintillator disk.  When used with 0.25 mm thick 
aluminum degraders instead, these detectors measured the 3 MeV proton yields.  Comparing this 
with the 2.45 MeV neutron yields allowed cross-calibration of the proton and neutron detectors.  
The degraders were designed using ion energy loss calculations made with SRIM, a Monte Carlo 
simulation code [20]. 
A Faraday cup located 1.07 m away from the fusion plasma collected energetic deuterium 
and carbon ions arriving from the plasma and provided the ion TOF measurements.  The total 
number of deuterium ions generated at the source was estimated assuming an isotropic emission 
[16].  This is a legitimate assumption since the cluster expansion dynamics in this experiment 
belongs to the Coulomb explosion regime rather than the ambipolar expansion regime according 
to the criteria given in Ref. [4].   
We measured pulse energy and pulse duration of the TPW beam for each shot.  Two 
cameras imaged the side and bottom of the plasma during the shot, while a third camera acquired 
an image that represented the beam profile at the cluster target to estimate the radius, r, of the 
plasma.  The measured size of the laser beam was consistent with the side image of the plasma. 
Either a cryo-cooled gas mixture of D2 + 3He at 86 K or gas mixture of CD4 + 3He at 200-
260 K served to generate the cluster target.  A residual gas analyzer measured the partial pressure 
of each gas species in the mixture, so the ratio of the atomic number densities of deuterium and 
3He was known for each shot.  The mixtures were introduced at a pressure of 52.5 bars into a 
conical supersonic nozzle with a throat diameter of 790 μm, an exit radius of R =2.5 mm, and a 
half angle of 5 degrees to generate large clusters (>10 nm) seeding energetic cluster explosions.  
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A series of Rayleigh scattering measurements showed that the cluster formation of D2 was not 
significantly affected (<7%) when 4He gas was added, and similar results are expected with the 
addition of 3He into D2 gas.  At 86 K, 3He atoms do not form clusters [21], and remain cold 
under laser irradiation because they do not undergo the Coulomb explosions seen by the D+ ions 
in the clusters.  Therefore, in this paper, the “effective plasma temperature” refers to the 
temperature of deuterium ions only. 
With both energetic deuterium ions from Coulomb explosion and cold background 3He 
ions, the possible fusion reactions inside the plasma are: 
D + D Æ T (1.01 MeV) + p (3.02 MeV) (50%),     (1a) 
D + D Æ 3He (0.82 MeV) + n (2.45 MeV) (50%),     (1b) 
D + 3He Æ 4He (3.6 MeV) + p (14.69 MeV) (100%),    (1c) 
all of which we could observe with the detectors employed.  Figure 2 shows sample results from 
the Faraday cup, proton detectors, and neutron detectors.  The ion TOF data in Fig. 2(a) shows 
an initial x-ray peak followed by the energetic deuterium ion signal.  These data were fitted with 
good agreement by an exponential decay to account for the response to x-rays, and a Maxwellian 
distribution for the energetic ions, yielding a TOF ion temperature, kTTOF =10 keV, and a total 
number of deuterium ions, Nion =1.1×1016.  It is important to note the plasma is in a non-
equilibrium condition [1], and the experimentally observed near-Maxwellian energy distribution 
is a consequence of the log-normal cluster size distribution [5, 16].  Figure 2(b) shows the x-ray 
peak followed by the 14.7 MeV proton signal 28 ns later.  The proton yield, Yp, is calculated 
from the height of the proton signal using the previously mentioned calibration.  Although each 
proton detector consists of a very thin (=254 μm) scintillator, there is a small probability (~0.3%) 
of detecting 2.45 MeV neutrons as well, and this figure shows those neutrons 45 ns after the x-
ray peak.  Figure 2(c) shows the initial x-ray peak followed by the 2.45 MeV neutron signal 
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215 ns later, from whose area the neutron yield, Yn, is determined assuming isotropic emission of 
DD fusion neutrons.  The validity of this assumption relies on the angular distribution 
measurements from the liquid scintillation detectors.  The different locations of the neutron and 
proton detectors with respect to the plasma are responsible for the different neutron arrival times 
in Fig. 2(b) and 2(c). 
Considering a deuterium fusion plasma with temperature kT and density nD within a 
volume V, the neutron yield from the fusion reaction in Eq. (1b) can be expressed as [2]: 
௡ܻ ൌ ଵଶ ׬ ݊஽ଶ ൏ ߪ஽ሺ஽,௡ሻ ு௘య ݒ ൐௞் ܸ݀݀ݐ ~ 
ଵ
ଶ ൏ ߪ஽ሺ஽,௡ሻ ு௘య ݒ ൐௞் ݐௗ ׬ ݊஽ଶ ܸ݀, (2) 
where ൏ ߪ஽ሺ஽,௡ሻ ு௘య ݒ ൐௞் is the fusion reactivity and td is the disassembly time of the plasma.  
Calculating the ion temperature from Eq. (2) requires knowledge of all the other variables, some 
of which are difficult to measure without introducing large errors.  This measurement can be 
greatly simplified by adding cold background 3He gas with a known density ratio of ݊ଷಹ೐/݊஽.  
Then, the ratio of proton and neutron yield from reaction (1c) and (1b), respectively, is: 
 ௒೛௒೙ ൌ
׬ ௡యಹ೐௡ವ   ழఙವ ಹ೐ య ௩வయఱೖ೅
ௗ௏ௗ௧
భ
మ ׬ ௡ವమ ழఙವሺವ,೙ሻ ಹ೐య ௩வೖ೅ௗ௏ௗ௧
~ 2 ௡యಹ೐௡ವ
ழఙವ ಹ೐ య ௩வయఱೖ೅
ழఙವሺವ,೙ሻ ಹ೐య ௩வೖ೅
,     (3) 
where kT is the deuterium ion temperature, ൏ ߪ஽ ு௘ య ݒ ൐ଷ௞்/ହ is the D(3He, p)4He reactivity at 
the 3kT/5 center-of-mass temperature (since 3He is at rest), and ൏ ߪ஽ ு௘ య ݒ ൐ଷ௞்/ହ/൏
ߪ஽ሺ஽,௡ሻ ு௘య ݒ ൐௞்  is a function of kT only that can be calculated (assuming a Maxwellian 
distribution) using the known fusion cross sections [15].  By only measuring the fusion product 
ratio with detectors and the density ratio with a residual gas analyzer, the plasma temperature at 
the critical moments of fusion can be calculated.   
 In this experiment, the number of fusion reactions between the deuterium ions in the hot 
plasma and the cold atoms in the background gas outside of the plasma is comparable to that 
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within the plasma and must be taken into account (see Fig. 1-inset for geometry).  The proton 
yield, neutron yield, and their density-weighted ratio are given by [2, 7]:  
௣ܻ  ൌ  ௜ܰ௢௡݊ଷಹ೐ ൏ ߪ஽ ு௘ య ൐యఱ௞் ܴ,         (4a) 
௡ܻ  ൌ  ௜ܰ௢௡݊஽ሾଵଶ  ൏ ߪ஽ሺ஽,௡ሻ ு௘య ݒ ൐௞்
௥
ழ௩வೖ೅ ൅൏ ߪ஽ሺ஽,௡ሻ ு௘య ൐భమ௞் ሺܴ െ ݎሻሿ,   (4b) 
௒೛
௒೙  
௡ವ
௡యಹ೐
ൌ  
ழఙವ ಹ೐ య வయఱೖ೅
ோ
ሾభమ ழఙವሺವ,೙ሻ ಹ೐య ௩வೖ೅
ೝ
ಬೡಭೖ೅ାழఙವሺವ,೙ሻ ಹ೐య வభమೖ೅
ሺோି௥ሻ ሿ,      (4c) 
where Nion is the total number of energetic deuterium ions in the plasma, ൏ ߪ஽ሺ஽,௡ሻ ு௘య ൐௞்/ଶ is 
the average fusion cross section between hot deuterium ions and cold deuterium atoms, 
R =2.5 mm is the radius of the exit nozzle, r is the radius of the cylindrical plasma, and <v>kT is 
the mean speed of the hot deuterium ions.  A uniform atomic density was assumed throughout 
the gas jet for both 3He and deuterium.  In this model, r is used in Eq. (4b) to calculate the beam-
beam and the beam-target contributions for the DD fusion.  The plasma disassembly time is 
estimated as r/<v>kT, and the beam-target contribution is considered only in a distance R-r 
outside of the fusion plasma.  
Figure 3(a) shows the calculated effective ion temperature from Eq. (4c) as a function of 
the measured density-weighted ratio of the fusion yields (≡Yp/Yn*nD/n3He) for D2 + 3He and 
CD4 + 3He mixtures.  In general, higher ion temperatures, as high as 28 keV, were observed with 
CD4 + 3He mixtures than with D2 + 3He mixtures.  This agrees with previous observations [7, 16], 
and we believe this enhancement in plasma temperature is a result of two combined effects.  First, 
the calculation of the Hagena parameters [22] implies that the CD4 clusters were bigger than the 
D2 clusters in this experiment, and, second, the average charge density inside a CD4 cluster is 
higher than that in a D2 cluster [16].  Both effects lead to potentially more energetic Coulomb 
explosions for the CD4 clusters.  In Fig. 3(a), the data did not rest exactly on the dashed line 
because r was different on each shot.   
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Figure 3(b) shows a comparison between the temperature measured from the ratio of 
fusion yields, kTFusion, and the one calculated using ion TOF data, kTTOF.  The two independent 
measurements exhibit similar values, although kTTOF was slightly lower than kTFusion in many 
cases as if the ions reaching the Faraday cup had lost some energy.  SRIM calculations assuming 
a 2 mm thick uniform gas jet layer at a density of 2×1018 atoms/cm3 show that the passage of the 
ions through the background gas reduces the temperature by 5–10%.  The Faraday cup was 
capable of measuring deuterium ion temperatures up to ~23 keV, above which the ion signal was 
not distinguishable from the falling edge of the huge initial x-ray peak. 
Figure 4 compares the experimentally measured neutron yield with the expected neutron 
yield calculated using Eq. (4b) and kTFusion, where we used values of r, R, Nion, and nD measured 
for each shot in the calculation.  The linear relationship shown in this figure supports kTFusion as 
correctly representing the ion temperature at the time when the fusion reactions occurred.  Up to 
1.9×107 neutrons were produced with D2 + 3He mixtures in a single shot, whereas up to 1.4×107 
neutrons were produced with CD4 + 3He mixtures.  Despite the higher temperatures achieved 
with CD4 + 3He mixtures, the highest neutron yield was achieved with the D2 + 3He mixture 
because of its much higher ion density. 
In summary, we have presented results from experiments in which a petawatt laser 
irradiating a CD4 cluster + 3He mixture has produced a maximum deuterium ion temperature of 
28 keV and more than 1×107 fusion neutrons per shot.  By adding 3He, we successfully measured 
the ion temperature at the time of fusion reactions using the ratio of measured fusion yields.  
Within the experimental errors, this temperature agrees with the temperature measured from the 
ion TOF data.  This agreement indicates that the observed Maxwellian energy distribution of the 
hot deuterium ions is close to the energy distribution of the ions directly responsible for the 
fusion reactions in the plasma.   
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Figures 
 
FIG. 1. (Color online)  Layout of the experimental area.  The laser beam enters from the left, and the nozzle is 
located near the center of the target chamber.  Five neutron detectors and three proton detectors are shown. The inset 
shows the gas jet nozzle and laser-cluster interaction region. 
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FIG. 2. (Color online)  (a) Example of ion time-of-flight data along with a 10 keV Maxwellian fit (dashed red line) 
and an exponential decay to account for the initial x-ray peak at t=0.  (b) Proton detector data showing EMP noise, 
x-ray peak, and the 14.7 MeV proton signal.  In this shot, 2.45 MeV neutrons were also detected.  (c) Neutron 
detector data showing EMP noise, x-ray peak, and the 2.45 MeV neutron signal. 
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FIG. 3. (Color online)  (a) Ion temperature, kTFusion, as a function of the measured density-weighted ratio of fusion 
yields for D2 + 3He (hollow circles) and CD4 + 3He (solid triangles) mixtures.  The dashed line corresponds to the 
calculated ion temperature for a plasma size, r = 250 μm.  (b) Comparison between kTFusion and the temperature 
measured by the time-of-flight method, kTTOF, for D2 + 3He (hollow circles) and CD4 + 3He (hollow triangles) 
mixtures.  A dashed line indicates where the temperature determined by both techniques matches. 
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FIG. 4. (Color online)  Measured neutron yield versus expected neutron yield from kTFusion. 
 
 
